Summary.-A study of 40 cases of malignant round-cell tumour of bone was made from the files of the Cancer Research Campaign's Bone Tumour Panel. Five pathologists made a careful study of observer error, involving repeated examination of routine paraffin sections, to determine whether the cases were a homogeneous group or a collection of differing sub-groups. Cell outline, nuclear staining, nuclear pleomorphism, conspicuous nucleoli, reticulin pattern and intracellular glycogen were the histological features selected for study. For each feature, the results were analysed to assess the importance of differences between tumours, between samples of tissue from the same tumour, and between observers. It is concluded that roundcell tumours of bone are a heterogeneous group, although completely distinct subgroups could not be identified. Certain histological features tend to be associated, and it is reasonable to distinguish on histological grounds between Ewing's sarcoma and reticulum-cell sarcoma, although some tumours are not typical of either group.
IT is well known that the group of tumours sometimes referred to as "malignant round-cell tumours of bone" pose difficult problems of histological identification and subdivision. Interest centres on the identification of Ewing's sarcoma and its separation from reticulumcell sarcoma (lymphoma; histiocytic lymphoma) and other primary bone tumours on the one hand, and from metastatic neuroblastoma on the other. The problem is an old one (see Willis, 1940) , but has been discussed in recent years by Ball (1970) , by Friedman and Hanaoka (1971) and by Price (1973) .
The object of the present study was to examine the histological characteristics of malignant round-cell tumours, using evidence available in ordinary paraffin sections, to see whether they are to be regarded as a homogeneous group or a collection of sub-groups. We had in mind the conventional image of Ewing's sarcoma (Stout, 1943; Lichtenstein and Jaffe, 1947; Lumb and MacKenzie, 1956; Dahlin, Coventry and Scanlon, 1961: Friedman and Hanaoka, 1971; Price, 1973) , made up of uniform cells with indistinct cytoplasmic outlines and pale nuclei (in paraffin sections stained with haematoxylin and eosin) and characterized by the presence of intracellular glycogen (Schajowicz, 1959) and by the absence of a fine network of intercellular reticulin fibres (Friedman and Hanaoka, 1971) . In contrast, we envisaged reticulum-cell sarcoma as made up of cells with more variable and possibly darker nuclei, and characterized by the presence of reticulin fibres and by the absence of intracellular glycogen (Parker and Jackson, 1939; Dahlin, 1965) . We hoped to determine whether tumours of these types existed as distinct groups, and to explore the role of observer error in our attempts to identify them.
MATERIALS AND METHODS
The study is based on 40 cases from the Panel's accumulated material in which a diagnosis of malignant round-cell tumour had been made. There had been a careful attempt to exclude cases of myeloma, myelomatosis, lymphocytic lymphoma, metastatic carcinoma and metastatic neuroblastoma using all available information, including clinical, histological and follow-up data. The cases were selected from a larger group of malignant round-cell tumour cases, simply on the availability of an adequate (1 cm2) sample of well-fixed tumour tissue. All the material studied was from the bone tumour itself, and not from metastases in other organs. Specimens obtained following radiotherapy were excluded. The final group of cases cannot be regarded as a completely random sample of malignant round-cell tumours, as they had been referred to the Panel for reasons which can be assumed to have involved selection. Some were from studies of treatment of malignant bone tumours and of bone-tumour mortality, while others had been referred to the Panel for diagnosis. In each case, paraffin sections were prepared specifically for the study, and were stained with Ehrlich's haematoxylin and eosin, by Gordon and Sweet's method for reticulin fibres, and by the periodic acidSchiff (PAS) technique for glycogen, using a diastase-treated control.
Selection of histological features.-In a preliminary study, the 5 members of the Panel who acted as observers examined sections from 9 of the 40 cases, in order to decide what histological features to use and to assess the importance of observer error. Each observer examined the sections on 4 separate occasions, recording findings for a large number of histological features (cell outline, nuclear size, nuclear staining, nuclear pleomorphism, mitoses, nucleoli, giant cells, ganglion cells, star cells, rosettes or other cell aggregates, fibroblastic septae, necrosis, calcification, reticulin pattern and intracellular glycogen) which were thought to be of possible diagnostic significance. The results showed that many of these features were unsuitable for study, at least in the way we had adopted: star cells, ganglion cells and rosettes were not found in any of the cases, and some features such as nuclear size and the prevalence of mitoses were considered impracticable. The following six histological features were selected for the more definitive part of the study. (Fig. 2) . Sometimes, however, there were surprising differences between the observations of different readers and between the repeated observations of a single reader (Fig. 3) Johnson and Leone, 1964) , using a mixture of nested and cross-classification and assuming random effects for most factors but parametric effects for P, R and P x R. The results are shown in Tables I-VI. In the present study, less stress than usual should be placed on the tests of significance, because each observation is confined to one of three possible values, while the theory of the significance tests assumes data which can take any value over a continuous range. Thus the results in Column 7 must be viewed as only approximate, particularly for factors B x R, S, and S x R where the "finiteness" of the data will make itsolf most felt. As the significance level gives an indication only of wAhether a factor makes any contribution at all to the variation, a column has been added giving the magnitude of the contribution of each factor, as represented by the estimated component of variance (see Searle, 1971) .
The results were also analysed to study the accuracy and consistency of the individual readers for each particular feature. Referring to the notation of Fig. 1 ]4
was calculated for each block and summed over all blocks. The consistency scores for Features 1-4 may be compared with those for Features 5 and 6 by scaling down the latter by a factor of 2/3 and this has been done for the figures in Table IX .
The inter-relation between the results for the different histological features wAas studied by tabulating the overall values (total T in Fig. 1 ) for each of the blocks and each of the 2 '"7 cases, and calculating the correlation coefficients between each of the various pairs of features (Table VII) . In this way, we were able to determine whether a positive result for one feature was or was not associated with a positive or negative result for any other feature. Before doing this, the entire histological material was reviewed by the readers together, and minor changes in block totals were made to correct obvious errors of observation and recording. The distribution of the case totals for each of the histological features (using a mean value when there was more than one block) is shown in Fig. 10 . The values range from a possible 20, when all observers scored 1, to a possible 60, when all observers scored 3.
The association of histological features, and the possible existence of groups of cases with similar features, was further investigated by combining the feature totals for each case, so that the different cases could be considered on a common scale of measurement.
RESULTS

Feature 1 (cell outline)
Here the aim was to distinguish between tumours with a "separate" or "syncytial" arrangement of cells (see Figs. 4, 5) . This refers to the appearance in paraffin sections, as ultrastructural studies clearly show that syncytial cells have separate plasma membranes, although these are often closely applied to those of adjacent cells (Friedman and Hanaoka, 1971) .
The analysis of variance (Table I) (Searle, 1971 ). Fig. 1 Here the aim was to distinguish between tumours with "pale" and "dark" nuclei (see Figs. 4, 5) .
The results of the analysis of variance are shown in Table II . As with cell outline, differences between patients,between blocks, and between readers are again judged statistically significant, as is the P XR interaction factor. In contrast, however, differences between sections are significant. When the magnitude of the various effects is considered, differences between patients are seen to be responsible for the largest component of the variance, again followed by differences between observations. As before, examination of the case totals (Fig. 10) fails to indicate the existence of sub-groups.
Review of the histological material suggested that anomalies were sometimes due to the presence of significant areas of both pale and dark nuclei in the same sections, and sometimes to difficulty in identifying nuclei as pale or dark. The initially surprising finding, of differences in nuclear staining between serial sections stained under identical conditions, was confirmed. This problem was not completely resolved, but it was felt that variation in section thickness was a factor. It was noted that cells agreed as "pale" often showed a peripheral arrangement of nuclear chromatin with a central empty area, while cells agreed as "dark" showed a more even, although still punctate, distribution of chromatin.
Feature 3 (nuclear pleomorphism)
For this feature, the aim was to indicate the degree of nuclear pleomorphism apparent in a particular section by grading it as "slight" (Fig. 4) , "moderate" or "marked" (Fig. 5) .
The results of the analysis of variance are shown in Table III . The differences between patients and between readers are judged statistically significant, but differences between blocks and between sections are not. Differences between patients are seen to be responsible for the largest component of the variance, followed by differences between observations. The results for this feature showed the least inconsistency among the readers, and considering only the first 4 questions, the least disagreement between them. These features are reflected in the low magnitudes of 0 and R. As with the preceding Here, the aim was to determine whether the tumours were characterized by the presence of conspicuous nucleoli.
The results of the analysis of variance are shown in Table IV . The differences between patients and between readers are judged statistically significant, but differences between blocks and between sections are not. Differences between observations are the largest component of the variance, followed by differences between patients. The results for this feature showed the greatest inconsistency among the readers, and considering only the first 4 questions, the greatest disagreement between them. These features are reflected in the high magnitudes of 0 and R. As before, examination of the case totals ( Fig. 10) fails to indicate the existence of sub-groups.
No special points emerged from the review of the histological material.
Feature 5 (reticulin pattern)
For this feature, the presence of a network of fine reticulin fibres surrounding individual tumour cells or small groups of cells was coded as "positive" (Fig. 6) . If reticulin fibres were absent, or if they were present only in relation to blood vessels or large groups of cells (Fig. 7) , the case was coded as "negative".
The results of the analysis of variance are shown in Table V . The differences between patients, blocks and readers are all judged statistically significant. For reticulin, only one section from each block was studied, so no information is available on differences between sections. Differences between patients are seen to be Feature 6 (intracellular glycogen) For this feature, the aim was to recognize the presence of glycogen in tumour cells, using a section stained by the PAS technique (Fig. 8) together with a control section from which the glycogen had been removed with diastase before staining (Fig. 9) .
The results of the analysis of variance are shown in Table VI. The differences between patients, blocks and readers are all judged statistically significant. As with reticulin pattern, only one section from each block was studied, so no information is available on differences between sections. Differences between patients are seen to be responsible for the largest component of the variance, followed by differences between observations. As with reticulin pattern, differences between readers, and between blocks are relatively small. Examination of the case totals (Fig. 10) shows that almost all the values fall at the ends of the scale: even more than reticulin pattern, intra- 2)62
MALIGNANT ROUND-CELL TUMOURS OF BONE tion, whether positive or negative, this was slightly increased as a result of the changes. From these results, then, it appears that there is a definite tendency, in the group of round-cell tumours studied, for certain histological characteristics to be associated. Disregarding Feature 4 (prominent nucleoli), the presence of syncytial cells, pale nuclei, slight nuclear pleomorphism, negative reticulin and positive glycogen tend to be associated in some cases, while the reverse features-separate cells, dark nuclei, marked nuclear pleomorphism, positive reticulin and negative glycogentend to be associated in others.
"Grouping" of cases
The association of histological features, and the possible existence of groups of cases with similar features, was further investigated by seeking to combine the feature totals so that the different cases could be considered on a common scale of measurement.
The idea of using a weighted combination of the feature totals which would take account of their relative contributions to the total variation, as well as the positive or negative correlations between them, was considered. A principal component analysis produced the following weightings for a first linear combination of the totals for the six histological features: Weightings -0*25 0*93 +0-84 This combination accounts for 64% of the variation between the scores, and further linear combinations can be produced to account for additional amounts. We felt that this type of analysis was unnecessarily refined for the type of data with which we were dealing, and we took, as a practical approximation to the weighted linear combination, an overall score for each case, obtained by combining the feature totals as follows:
Overall score=T2+T3+T5-TI-T6.
Feature 4 was omitted because of its low weighting, and each of the remaining questions was given an equal weighting as an approximation to the relative weightings given above, which is still intelligible in terms of the original histological observations. The sign of the weightings was reversed for convenience. The totals used to calculate the overall scores were the altered totals which take into account the correction of errors of observation and recording following review of the material. The results are shown in Fig. 11 . Possible values range from -60 to + 140, low values indicating cases showing syncytial cells, pale nuclei, slight nuclear pleomorphism, negative reticulin and positive glycogen, and high values indicating cases showing the opposite features. While the overall scores, which ranged from -56 to + 128, are distributed throughout the range of observed values, there appears to be some concentration of cases towards each end of the scale. The features of the low-score cases are those usually regarded as characteristic of Ewing's sarcoma, while those of the high-score cases are 
Relationship to clinical features
It is of interest to see whether there is any relationship between the combined histological score for a case and other features such as age, sex, anatomical site and clinical behaviour. The results for the 40 cases show a significant correlation (Spearman's rank correlation coefficient, r -04852, P<0 001) between combined score and age, but no relation between combined score and sex (Wilcoxon's rank sum test, z 0 55, P>0410).
We isolated two groups of cases at the ends of the scale, a low-score group (combined score < 20) and a high-score group (combined score > 80) where age, sex, anatomical site and length of survival can be directly compared. There are 25 cases (18 males, 7 females) in the lowscore (Ewing) group, with a mean age of 16 years, and 12 cases (9 males, 3 females) in the high-score (reticulum-cell sarcoma) group, with a mean age of 48 years. The age distribution of the cases is shown in Fig. 12 (Peto and Peto, 1972) shows that this difference is well within the limit expected (X21-1X59 on 1 d.f., P>0 10). It should be appreciated, however, that some of our cases had been collected as part of a study of bone tumour mortality (Boyd et al., 1969) , and the fact that surviving patients were excluded from this study may The first of our histological features was cell outline, the arrangement of the tumour cells in a syncytial or separate form. The difficulties encountered in making this distinction were partly explained by the presence of both types of cell in many of the tumours, although the study brought to light real differences between tumours, and real differences in the way that the individual pathologists reacted to the problem. Some pathologists showed a bias towards one or other type of cell, or to recording an observation as "indeterminate", and individual pathologists did not necessarily find the same cases "typical" or "indeterminate" as far as their observations were concerned. Caution is clearly needed by any pathologist, however experienced in this field, in reaching a conclusion about this aspect of a round-cell tumour of bone, particularly on the basis of the examination of one section from one block of tissue.
The results for nuclear staining are much the same as for cell outline. Tumours may show both pale and dark nuclei as well as those which are hard to identify as either. The results for nuclear pleomorphism are also similar, although there was less inconsistency among individual readers on this question.
Conspicuousness ofnucleoli was a feature which, although it showed significant differences between cases, did not correlate with other features, or help to distinguish between different types of round-cell tumour. There was also much inconsistency and disagreement over the scoring of this feature, and little attention was therefore paid to it in the later part of our study.
The fifth of our histological features was reticulin pattern. Tlhere was better agreement between the different pathologists as to whether or not a positive reticulin pattern was present than with the previous histological features, and there was a greater degree of separation of the scores of individual cases into two groups. The same comments can be made with regard to intracellular glycogen.
The results of the present study support the idea that round-cell tumours of bone are heterogeneous for histological structure. The tumours differ from one another for each of the histological features studied, although observer variation and other factors tend to obscure this. Despite this heterogeneity, it is not possible to distinguish completely distinct 266 MALIGNANT ROUND-CELL TUMOURS OF BONE sub-groups, either on the basis of a single histological feature or a combination of these features. There is, however, a significant correlation between most of the features studied, and used together they allow a particular tumour to be placed on a scoring scale. At one end of the scale are tumours with the histological features commonly regarded as those of Ewinig's sarcoma, and at the other are tumours with the features commonly regarded as those of reticulum-cell sarcoma. In between, there are a significant number of tumours which are not typical of either.
It is not possible to decide, from our results, whether the histological heterogeneity of malignant round-cell tumours results from the existence of two or more sub-groups, or from the continuous variation of one basically related group. When other features of the cases designated as "low-score" and "high score" are studied, they appear to differ in age and possibly in lenigth of survival, although the anatomical distribution of the two types of tumours appears similar.
Our results are consistent with the prevailing impression of most pathologists, that an attempt should be made to distinotnish histologically, as a diagnostic and prognostic procedure, between the two types of round-cell tumour, but they emphasize the difficulties that can be encouintered, at least with the histological features that we selected for study.
The present study (loes not deal with the question of the histogenesis of these tumours, or their relationship to other types of tumour. It does not help to decide whether all these tumours are of lymphoid origin, nor does it cast any light on Ewing's original concept of endothelial myeloma. The observed features of our high-score cases exist irrespective of whether they are regarded as reticulum-cell sarcoma or histiocytic lymphoma (see Rappaport, 1966) An interesting aspect of the study was the insight it provided into the behaviour of the 5 pathologists taking part. We set out with the impression that we were studying round-cell tumours, but ended with the realization that we, ourselves, were equally under scrutiny. Differences between the readers contributed significantly to the total variation and, in this respect, the results of our study are rather similar to what has been found in investigations of differences between examiners in marking various types of paper, including those of the final examination in medicine (Hartog and Rhodes, 1936; Bull, 1956) . Differences in accuracy and consistency between the 5 pathologists taking part in the study were also found. Recognition of this subjective element should lead to a more precise definition and understanding of the nature of the histological features being studied, and to some extent this was achieved in the present study. The observers recognized, for example, the error of recording PAS-positive granules in macrophages as "intracellular glycogen", althrough they were not all aware of this at the outset. Similarly, they became aware of the need to record a positive reticulin pattern or a positive result for glycogen even when this involved only a small part of the tissue available for study. The realization, in the later part of the study, that observations on cell outline or nuclear staining recorded what was often only the predominant aspect of a variable appearance, led to a better understanding of these aspects of the cytology of malignant round-cell tumours. Indeed, one of the most important aspects of the observer error study was that it forcibly drew the attention of the observers to poiInts, either in connection with the
